Abstract: We present a new optical configuration using the Scheimpflug principle for Fourier ptychography microscopy. This configuration minimizes the aberrations present in the off-axis lenses of a multi-aperture Fourier ptychography setup. A 3D printed setup was used to demonstrate the experimental implementation.
Introduction
Fourier ptychography (FP) microscopy [1] was proposed recently to achieve space-bandwidth product in the gigapixel range. FP is a synthetic aperture technique which exploits Ewald sphere theory to shift the frequency spectrum permitted through the passband of the optical system. This is achieved by time-sequential simulation of a high-NA illumination using an LED array. Due to the time-sequential nature of the technique FP suffers from long data-acquisition times. Multi-aperture Fourier ptychography (MAFP) [2, 3] was proposed by us to parallelize the data capture using an array of cameras, hence improving the acquisition times. When combined with multiplexed illumination [4] , MAFP systems can capture several FP datasets per second depending on the hardware. On the other hand, MAFP suffers from aberrations in the off-axis camera systems [5] which degrades the quality of the reconstructed images in high-NA systems. As a solution to this problem we proposed to implement Scheimpflug optics for the off-axis camera systems in order to minimise these aberrations [3] , thus improving the MAFP system performance in high-NA configurations. In this manuscript, we describe details about the Scheimpflug configuration for FP and present an experimental validation.
In the next section we describe the Scheimpflug principle and its application for FP. We then present details about the experimental setup built using 3D printed parts. We later present experimental results validating the Scheimpflug configuration for FP. In the future, this configuration will be applied to an MAFP setup for high-NA applications.
Scheimpflug Fourier ptychography principle
The Scheimpflug principle was developed to correct for perspective distortion when imaging tall structures from close range. The principle states that if the lens is tilted with respect to the object, then the detector must also be tilted with respect to both, the object and the lens such that the detector plane must pass through the intersection of the lens plane and the object plane. This can be seen in the Scheimpflug FP configuration shown in Fig. 1 (b) brown camera system. The position of the off-axis Scheimpflug lens and detector are given by the following equations:
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(1 )cos arctan 1 (1 )sin f is the focal length of the off-axis lens. Fig. 1 outlines the different types of FP configurations that can be implemented in an MAFP setup. The camera system in green is a conventional FP system configuration used for the central camera of MAFP systems. In this configuration the lens is parallel to the object plane and the detector plane. The object, the lens and the detector are centred on the optical axis of the system. This system does not have any aberrations; hence, the point spread function (psf) which is shown in Fig. 1 (a1) is ideal. The camera system in blue is an off-axis FP configuration used in the planar MAFP setup demonstrated in [5] . In this configuration, the lens the object and the detector are parallel to each other which is similar to previous configurations; however, unlike the central camera system the object and detector are off-centred from the optical axis of the off-axis lens. This permits the capture of high spatial frequency information about the object and increases the bandwidth in an MAFP system. This configuration, however, suffers from severe aberrations due to the off-axis nature of the system which is seen in the psf shown in Fig. 1 (a2) . The camera system in brown is an off-axis FP system with Scheimpflug optical configuration. In this configuration, the lens is off-centred from the object but also tilted at the same time with respect to the object. This forms an image in a plane which is also tilted with respect to both object and lens where the angle of the detector is given by the Scheimpflug principle explained later. This configuration minimises the aberrations in the off-axis system which can be observed in the psf shown in Fig. 1 (a3) . This psf is very similar to the on-axis FP system hence resulting in high quality images for MAFP systems. The psfs in Fig. 1 were simulated using Zemax and the separation between the lenses was chosen as 15mm according the experimental design.
Experimental setup and results
An experimental setup to implement Scheimpflug FP in an MAFP system was built using 3D printed components as shown in Fig. 2 . The lenses were placed at an angle in a 3D printed mount and a 3-axis kinematic stage was developed to mount the detector. The sample was placed on an XYZ translation stage and illuminated by an Adafruit LED array which has an LED separation of 5mm. The LED array was placed 125mm below the sample. Achromatic lenses with a focal length of 36mm and an aperture diameter of 8mm were utilised as imaging lenses. The separation between the lenses was set at 15mm such that a 7x7 LED array can cover the missing frequencies between the lenses in the MAFP configuration. The numerical aperture of the low-NA system was 0.07. For Scheimpflug FP validation, one of the off-axis systems situated on the horizontal axis of the lens array was compared to the central camera system. A separate set of 7x7 LEDs from the array were chosen for each of these systems such that both of them record similar band of spatial frequency information.
A USAF resolution target was imaged to validate our system. In Fig 2. (a1) and (b1), the low-NA images from the central system and the Scheimpflug system are shown respectively. Their corresponding high-NA FP reconstruction images are shown in Fig. 2 (a2) and (b2) where a second order Gauss-Newton based reconstruction algorithm [6, 7] was used to perform the reconstruction. It can be observed that the Scheimpflug FP reconstruction is comparable to that of the on-axis FP system. There are some minor artefacts in the higher group elements which are due to improper calibration of the system. We are currently working on improving the calibration of our system.
Conclusion
In this work we have demonstrated a new optical configuration based on the Scheimpflug principle for off-axis FP systems. This configuration can be useful in building robust MAFP systems. We presented an experimental setup for Scheimpflug based MAFP using 3D printed components. We used one of the off-axis systems in this setup to validate the Scheimpflug principle for FP. Scheimpflug FP configuration can also be used to build high-NA tomography setup with multiple apertures.
